High-pressure in situ angular dispersive x-ray diffraction study on the wurtzite-type InN nanowires has been carried out by means of the image-plate technique and diamond-anvil cell (DAC) up to about 31.8 GPa. The pressure-induced structural transition from the wurtzite to a rocksalt-type phase occurs at about 14.6 GPa, which is slightly higher than the transition pressure of InN bulk materials ($12.1 GPa). The relative volume reduction at the transition point is close to 17.88%, and the bulk modulus B 0 is determined through fitting the relative volume-pressure experimental data related to the wurtzite and rocksalt phases to the Birch-Murnaghan equation of states. Moreover, high-pressure Raman scattering for InN nanowires were also investigated in DAC at room temperature. The corresponding structural transition was confirmed by assignment of phonon modes. We calculated the mode Grüneisen parameters for the wurtzite and rocksalt phases of InN nanowires.
I. INTRODUCTION
In the past several years, the functional semiconductors, such as GaN, AlN, ZnS, and ZnSe, have become the focus materials in the research for the fabrication of photoelectronic devices. [1] [2] [3] [4] [5] [6] In the case of III-V nitrides, their large direct band gap makes them suitable for photoelectronic applications in the blue and ultraviolet spectral regions. Many publications [7] [8] [9] have been concentrated on characterizing as accurately as possible their important optical and electrical properties. Furthermore, several groups [10] [11] [12] [13] [14] also paid attention to their structures and physical properties under different conditions. However, as an important member of the III-V nitrides, InN was the least studied because of the difficulty in growing high quality material. Recently, with the progress in growth techniques, high quality InN has been prepared successfully. Among all the III-nitride compounds, it was believed that InN has the lowest effective electron mass, 15 potentially leading to a semiconductor with high mobility. Moreover, while the band structures of GaN and AlN are relatively well understood, the band parameters of InN are still under debate. Recent measurement results suggested that InN has an unexpectedly low band gap of 0.7-0.9 eV 16 rather than 1.8-2.1 eV as previously reported. 15 Various experiments, such as a recent Mie resonances study by Shubina et al., 17 have been carried out to explain the discrepancy. Nevertheless, the growth of thick undoped InN layers with high structural quality is still very difficult. 18 Thus far, the knowledge of InN properties remains still rather poor. Therefore, it is very necessary to thoroughly study this kind of material.
It is well known that the structural transition has a large effect on the physical properties. Certainly, it is also very important to understand the relationship between the structure and properties for these kinds of functional semiconductor materials. As a tunable thermodynamic parameter, the external pressure plays an important role in materials science. This pressure can affect not only the crystal structure, but also the electronic structure. In the case of InN, Ueno et al. 10 already studied its structural stability and pointed out that InN undergoes a phase transition from the wurtzitetype to a rocksalt-type structure at 12.5 GPa. Later, some groups 11, 12 also confirmed the structural transition by means of Raman scattering experiments under hydrostatic pressure, and analyzed the behavior of the E 2 and longitudinal optical A 1 (LO) phonons of hexagonal InN phase at different pressures. The aforementioned study mainly focused on InN powders or thin films, rather than a low dimensional one. In this work, we report on the study of the structural stability of onedimensional (1D) InN nanowires using the high-pressure in situ angular dispersive x-ray diffraction (ADXD) technique. In addition, linear pressure coefficients and mode Grüneisen parameters of InN phonons are determined by the Raman spectroscopy analysis.
II. EXPERIMENTAL DETAILS
The 1D InN nanowires were synthesized by nitriding In 2 O 3 powders in an ammonia flux in a tubular furnace described previously. 19, 20 The detailed process is described in Ref. 21 . The average diameter of the InN nanowires is about 100 nm.
Angle-dispersive powder x-ray diffraction experiments on InN nanowires up to 31.8 GPa at room temperature were performed at 4W2 beamline of Beijing Synchrotron Radiation Facility (BSRF, IHEP, Beijing). The x-ray wavelength was 0.06165 nm and beam size was 25 mm in diameter. The diffracted x-ray was detected with an imaging plate. High pressure was generated using a symmetric-type diamond-anvil cell (DAC) with 400-mm culets. The silicon oil was used as pressure transmitting medium to obtain a hydrostatic pressure condition. Pressures were calibrated by the ruby luminescence technique.
For the Raman scattering experiments, the InN nanowires were carefully loaded into a 250-mm stainless steel gasket hole, and then installed into a symmetric-type DAC with 400-mm culets. Here, a mixture of 4:1 methanolethanol was used as a pressure transmitting medium for the sake of the better hydrostatic conditions. Pressures were also calibrated by the ruby luminescence technique. Raman spectra were recorded in backscattering geometry in the frequency region from 100 to 1000 cm À1 , using a LABRAM-HR confocal laser Micro-Raman spectrometer (HR800, HORIBA Jobin Yvon, Paris, France). The 532-nm line of the Verdi-2 solid-state laser was used as a Raman excitation source. A 25Â microscope objective lens was applied to focus the laser beam and collect the scattered light. The instrument resolution was 1 cm
À1
. All the measurements were carried out at room temperature.
III. RESULTS AND DISCUSSION
A. High-pressure in situ ADXD
The InN bulk material crystallizes in the wurtzitetype structure with a space group of P6 3 mc at ambient conditions. For InN nanowires, it possesses the same structure as the InN bulk material. Figure 1 shows the high-pressure in situ ADXD patterns of InN nanowires up to about 31.8 GPa. It can be seen that all the diffraction peaks shift to the right side with increasing pressure due to the reduction of unit cell volume. Upon the application of pressure, the wurtzite phase persists up to around 14.6 GPa. Above this pressure, all the peaks of the wurtzite-type phase become very weak and a few new peaks appear, indicating that a phase transition takes place. Beyond about 20.9 GPa, all the peaks of the wurtzite-type phase disappear and instead four new peaks appear. According to the relevant report, 10 these new peaks can be assigned to (111), (200), (220), and (311) reflections of a rocksalt-type structure. Therefore, the transition in InN nanowires is viewed as being from the wurtzite to a rocksalt structure. However, it should be noted that the transition pressure ($14.6 GPa) for the InN nanowires is slightly higher than for InN bulk materials (12.1 GPa). Generally, nanometer materials like nanowires have considerable surface and thus store much higher surface energy than bulk materials. Hence, it is easy to understand that InN nanowires need a higher pressure than InN bulk materials to overcome the extra surface energy to realize the phase transition. The top of Fig. 1 displays the diffraction pattern collected after releasing the pressure from maximum pressure in our experiments. Obviously, the diffraction peaks of the wurtzite phase reappear and merely possess different intensities resulting from the variation of the orientation of grains [may change to (100)], suggesting that InN nanowires have a reversible phase transition.
In addition, the lattice parameters a and c for the wurtzite phase of InN nanowires are plotted in Fig. 2(a) as a function of pressure. Obviously, both the lattice parameters a and c show a monotonic decrease with increasing pressure, but the c-axis length seems to go down faster around 14.6 GPa as compared to a-axis length, which is similar to the behavior in bulk material InN. The axis ratio c/a is also displayed in Fig. 2(b) . At ambient pressure, the ratio is about 1.613 close to the reported value in bulk materials, 10 however, a rapid fall ). This indicates that it is difficult to compress the InN nanowires due to size effect.
B. Raman scattering of InN nanowires under high pressures
Raman scattering has proved to be a powerful tool for studying physical properties such as determination of phonon modes. In the case of InN, group theory analysis predicted that there are six phonon modes (irreducible representation:
for the compound with P6 3 mc, where the polar phonon modes of A 1 and E 1 symmetries are both Raman and infrared active, whereas the nonpolar E 2 modes are Raman active only, and the B 1 modes are silent. 23 Therefore, the wurtzite InN possesses four Raman active phonon modes. In our experiments, the Raman scattering spectra of InN nanowires were studied at different pressures. To monitor the possible influence of Raman scattering signals from transmitting pressure medium, we successively collected two sets of Raman spectra from the sample area and neighboring transmitting medium region at each pressure point, respectively. Due to the negligible scattering signals from the transmitting medium, it is believed that no remarkable influence takes place on the Raman scattering peaks of InN nanowires. Therefore, the Raman spectra of InN nanowires are available by subtracting background. In Fig. 5 , the Raman spectra after subtracting background with increasing pressure up to 32.9 GPa are displayed in the frequency range from 300 to 1000 cm
À1
. Clearly, one can see the broadening of the Raman peaks probably resulting from structural disordering of the InN nanowires. The three main peaks, observed at around 440, 503, and 590 cm À1 in Raman spectra at about 2.5 GPa, can be assigned to transverse optical A 1 (TO), E 2 (high), and A 1 (LO), respectively, in agreement with the Raman selection rules for the wurtzite structure. With the increase of pressure, Raman peaks gradually shift to high frequency. When (c) , respectively]. Compared with the above results of ADXD, these new peaks may be associated with a structural transition from the wurtzite to the rocksalt at the nearly corresponding pressure. Above 15.3 GPa, the phonons of the wurtzite structure are invisible, while all the new phonon modes shift to higher frequency with increasing pressure up to 32.9 GPa. As the pressure is gradually released to about 1.6 GPa, the new Raman peaks vanish while the original peaks related to the wurtzite phase reappear, further attesting the reversible transition between the wurtzite and rocksalt phases of the InN nanowires.
In fact, according to the corresponding reports, the first-order Raman scattering is theoretically forbidden in the light of the selection rules for the case of the rocksalt structure, therefore Raman peaks should disappear beyond the phase transition pressure. However, a few abnormal peaks [marked as (a), (b), and (c)] are visible in our experiments. Similarly, Pinquier et al. 12 also observed the strong Raman scattering signal beyond the phase transition in the InN flakes. For the abnormal case, some research results of GaN can be considered for explanation. Generally, a structural transition to the rocksalt-type takes place in GaN at about 52.2 GPa. 10 By comparing experimental Raman spectra acquired under high pressure with ab initio calculations in the case of GaN, Halsall et al. 24 pointed out that the Raman signal assigned to the rocksalt (cubic) structure was associated to disorder activated scattering by the phonon density of state (DOS). Therefore, it is assumed that Raman scattering behavior of nanowire InN under high pressure may be similar to that of GaN. In the case of InN nanowires, it is possible that the phase transition in the nano-scale area simultaneously takes place everywhere, resulting in a high degree of disorder as the origin of the phonon DOS scattering. 10 However, so far the DOS calculations for the InN rocksalt-phase have only been investigated for zero pressure, 25 whereas the relevant studies for the case of high pressure are desired to be carried out. Therefore, we prefer to assign the vibrational modes observed in the rocksalt structure to the DOS scattering.
The pressure dependences of Raman phonon frequencies in the compression process from 2.5 to 32.9 GPa are shown in Fig. 6 . Generally speaking, the frequency versus pressure can be expressed by a quadratic relationship for most semiconductors. Considering that the second order term is negligible in our experiments, the frequency of phonon can be fitted approximately using only a linear equation
where o i0 is the frequency of the ith phonon at zero pressure, and K i H ¼ ð@o i =@pÞ p¼0 is the linear pressure coefficient. In Fig. 6 , the fittings are illustrated by the solid lines for the observed phonons of the wurtzite and rocksalt structures, respectively. The K i H values can be gained by the slopes of phonon frequency versus pressure curves, as well as the zero pressure frequencies are regressed by the fittings, and the corresponding values are listed in Table I . These results are available to calculate the mode Grüneisen parameters, which can be determined from the pressure coefficients using the formula 
H . 26, 27 In the above ADXD experiments, it is known that the obtained bulk moduli B 0 are 131.0 GPa (B 0 0 ¼ 12.7) and 205.1 GPa (B 0 0 ¼ 5) for the wurtzite and rocksalt phases, respectively. Thus, the corresponding mode Grüneisen parameters are calculated and given in Table I as well. The values for the different modes are close to results reported by Pinquier et al., 12 however, the slight discrepancy can be explained by the larger bulk modulus values for the InN nanowires.
IV. CONCLUSIONS
The high-pressure in situ ADXD and Raman experiments were performed for the wurtzite-type InN nanowires at ambient temperature. Both experiments indicate that the InN nanowires undergo a structural transition from the wurtzite to the rocksalt-type at about 14.6 GPa, which is slightly higher than the transition pressure of InN bulk materials (12.1 GPa). Moreover, there is a drastic reduction of about 17.88% in the relative volume at 14. ). The observed abnormal Raman signals in the rocksalt-type (cubic) phase are considered to be associated with the scattering of phonon DOS. The corresponding mode Grüneisen parameters are obtained from the experimental data. In contrast to the previous reports, the slight discrepancy for the mode Grüneisen parameters can be explained by the larger bulk modulus values for the InN nanowires. In a word, InN nanowires show a reversible phase transition in either high-pressure ADXD or Raman scattering experiments. 
